Abstract: Curcumin, a natural polyphenol compound, exhibits tumor suppressive activity in a wide spectrum of cancers, including nasopharyngeal carcinoma cells. However, the exact molecular mechanisms governing this tumor suppressive activity remain elusive. Multiple studies have revealed that miRNAs are critically involved in tumorigenesis, indicating that targeting miRNAs could be a therapeutic strategy for treating human cancer. In the current study, we set out to determine whether curcumin regulates miR-7 expression in nasopharyngeal carcinoma cells. We found that curcumin inhibited cell growth, induced apoptosis, retarded cell migration and invasion, and triggered cell cycle arrest in the human nasopharyngeal carcinoma cell lines CNE1 and CNE2. Importantly, we observed that curcumin upregulated the expression of miR-7 and subsequently inhibited Skp2, a direct miR-7 target. Our results identified that upregulation of miR-7 by curcumin could benefit nasopharyngeal carcinoma patients.
Introduction
Nasopharyngeal carcinoma (NPC) is a rare form of head and neck cancer with an estimated 86,700 new cases and 50,800 deaths globally in 2012. 1 However, NPC has relatively high incidence rates in Southeast Asia and South-Eastern China, which could be due to genetic factors, environment, and Epstein Barr virus infection. 2 Interestingly, consumption of certain foods has been associated with NPC incidence, such as salted fish, hot spices, and preserved foods. In addition, smoking and alcohol use may also contribute to NPC incidence. 1 Radiotherapy is the primary method of treatment for NPC. Radiotherapy in combination with chemotherapy is an effective treatment for locoregionally advanced NPC, 3 however, survival benefit failed to be significantly improved irrespective of the chemotherapeutic agent or dosing schedules. 4 The reasons leading to low survival rate for advanced stage NPC may be related to metastasis and drug resistance.
miRNAs are small non-coding RNA molecules that regulate various cellular processes by binding to complementary target sites in the 3′ untranslated regions of mRNAs, and regulating mRNA degradation or translational repression. 5 It has been demonstrated that miRNAs are critically involved in tumorigenesis, 6 where they may play either an oncogenic or tumor suppressive role. Consistent with this, high expression of oncogenic miRNAs and down-regulation of antitumor miRNAs are observed in many cancers. 7 For example, miR-7 has been considered as a tumor suppressive miRNA in a variety of human malignancies, 8, 9 and down-regulation of submit your manuscript | www.dovepress.com
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Feng et al miR-7 has been observed in a variety of human cancers. [10] [11] [12] [13] Intriguingly, miR-7 was reported to inhibit cell growth, migration, and invasion via direct targeting of PAK1 in thyroid cancer cells. 14 Similarly, miR-7-5p inhibited melanoma cell proliferation and metastasis through suppressing RelA/NF-κB. 15 Consistently, miR-7 inhibited colon cancer invasion and proliferation through targeting the expression of FAK. 16 Zhao et al reported that miR-7 enhanced cytotoxicity of gefitinib through inhibition of EGFR and IGF1R pathways in non-small cell lung cancer (NSCLC). 17 Moreover, docetaxel inhibited cell proliferation via upregulation of miR-7 expression in NSCLC cells. 18 Furthermore, mutations within the miR-7 promoter are associated with poor prognosis of lung cancer, 10 and serum miR-7 levels are a predictive biomarker in esophageal squamous cell carcinoma. 19 Interestingly, miR-7 was identified as an oncogene in renal cell carcinoma. 20 Moreover, miR-7 was reported to promote epithelial cell transformation through targeting KLF4. 21 Therefore, it still remains unclear in which contexts miR-7 may carry out oncogenic or tumor suppressive functions in human cancers.
Curcumin, a natural compound derived from turmeric (Curcuma longa), has been reported to exhibit antitumor activity in both in vitro and in vivo studies. 22, 23 Mechanistically, curcumin has been shown to regulate multiple targets including NF-κB, Akt, Notch, mTOR, and Hh. [23] [24] [25] Recently, a growing body of evidence has implicated curcumin in regulating the expression of multiple miRNAs. 26 Curcumin regulated miR-138 expression, leading to inhibition of cell proliferation and invasion in human osteosarcoma cells. 27 Moreover, inhibition of miR-21 was suggested to be important for curcumin-mediated anticancer effects. 28 Wu et al found that curcumin induced miR-146a expression, resulting in enhancement of temozolomide cytotoxicity against human glioblastoma.
29 In NPC, curcumin was shown to exert its anticancer effects through inhibition of miR-125a-5p expression. 30 In the current study, we explored the mechanism of curcumin-mediated anticancer activity in NPC cells.
Materials and methods cell culture and reagents
Human NPC cell lines CNE1 and CNE2 were purchased from American Type Culture Collection (ATCC), Manassas, VA, USA and maintained in Roswell Park Memorial Institute-1640 medium containing 10% fetal bovine serum with penicillin (100 U/mL) and streptomycin (100 U/mL) at 37°C with 5% CO 2 . Primary antibodies against Skp2, tubulin and the secondary antibodies were purchased from 
cell apoptosis analysis
The Annexin V-fluorescein isothiocyanate/propidium iodide (FITC/PI) apoptosis detection kit (Biouniqure, Shanghai, China) was used to detect the apoptotic cells. Briefly, NPC cells were incubated in 6-well plates overnight and treated with indicated concentrations of curcumin for 48 h. Cells were harvested, washed with phosphate-buffered saline (PBS), and resuspended in 500 μL of binding buffer with 5 μL PI and 5 μL FITC-conjugated anti-Annexin V antibody. The cells were kept in the dark for 15 min at room temperature. Apoptosis was measured using a FACScalibur flow cytometer (BD Biosciences, San Jose, CA, USA).
cell cycle analysis NPC cells were seeded in a 6-well plate and incubated overnight. The cells were treated with curcumin and cultured for 48 h, collected, and fixed with ice-cold 70% (v/v) ethanol and stored at 4°C overnight. Fixed cells were washed and resuspended at 1×10 6 cells/mL in PBS and incubated with 0.1 mg/mL RNase A and 50 mg/mL PI at 37°C for 30 min. PI staining was measured with a FACScalibur flow cytometer.
Wound healing assay
NPC cells were seeded in a 6-well plate and allowed to grow until confluent. Once confluent, cells were scraped off (scratched) in a straight line using a sterile pipette tip. The cells were washed with PBS and treated with curcumin 
Transwell invasion assay
Cell invasive capacity of NPC cells was measured using transwell filter with Matrigel (BD Biosciences). Briefly, NPC cells treated with curcumin were transferred into the upper chamber in 200 μL of serum-free medium. An amount of 500 μL complete medium was added into each bottom chamber with the same concentration of curcumin. After incubation for 20 h, the cells in the upper chamber were removed, and the invaded cells in the membrane were stained with Wright-Giemsa. The cells were also stained with 4 μg/mL calcein AM in Hanks' buffered saline at 37°C for 1 h. The stained cells were photographed and counted (at least six randomly-selected fields) under a microscope.
Western blotting analysis
NPC cells were harvested, washed with PBS, and lysed. The protein concentrations were determined using BCA Protein Assay kit (Thermo Fisher Scientific). Protein samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto a polyvinylidene difluoride membrane. The membranes were incubated with primary antibodies at 4°C overnight. After washing three times with tris-buffered saline with Tween ® 20, the membranes were incubated with secondary antibody at room temperature for 1 h. The protein bands were subsequently detected by enhanced chemiluminescence assay.
Mirna real-time reverse transcription polymerase chain reaction (rT-Pcr)
RT-PCR was performed to measure the changes in miR-7 expression in NPC cells treated with curcumin. Briefly, 10 ng of total RNA was reverse transcribed into cDNA using TaqMan miRNA hsa-miR-7-specific primers (Applied Biosystems, Thermo Fisher Scientific). Then real-time PCR was conducted by a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Thermo Fisher Scientific). RNA U6 was determined and used as endogenous control in each sample.
Mir-7 mimics transfection
NPC cells were transfected with miR-7 mimics (Genepharma, Shanghai, China) or a non-specific control using Lipofectamine RNAiMAX reagent (Invitrogen, Thermo Fisher Scientific) following the manufacturer's protocol. MiR-7 mimics: sense 5′-UGG AAG ACU AGU GAU UUU GUU GU-3′; antisense 5′-AAC AAA AUC ACU AGU CUU CCA UU-3′. After the indicated periods of incubation, the cells were subjected to further analysis as described under the results section.
Mirna-7 inhibitor transfection
Cells were seeded in 6-well plates and transfected with antisense miR-7 oligonucleotide (Genepharma) or the nonspecific control, using DharmaFect Transfection Reagent (Dharmacon, Lafayette, CO, USA). MiR-7 inhibitor: 5′-ACA ACA AAA AUC ACU AGU CUU CCA-3′.
statistical analysis
All data analyses were conducted using GraphPad Prism 4.0 (GraphPad Software Inc., La Jolla, CA, USA). Statistical comparisons were performed using the Student's t-test. Results are expressed as means ± standard deviation. P-values ,0.05 were considered statistically significant.
Results
curcumin inhibited cell proliferation
To explore whether curcumin could suppress cell proliferation in the NPC cell lines CNE1 and CNE2, cells were treated with increasing concentrations of curcumin, and subsequently cell proliferation was determined using an MTT assay. We found that curcumin significantly inhibited cell proliferation in both NPC cell lines ( Figure 1A) . Specifically, treatment with 5 μM and 10 μM of curcumin for 72 h led to 40% and 65% inhibition of cell proliferation in CNE1 cells, respectively ( Figure 1A ). In addition, treatment with 10 μM and 15 μM of curcumin for 72 h led to 55% and 70% inhibition of cell proliferation in CNE2 cells, respectively ( Figure 1A) . Therefore, curcumin inhibited cell proliferation in both NPC cell lines.
curcumin triggered apoptosis
In order to determine whether curcumin triggered apoptosis, curcumin-treated NPC cells were stained with Annexin V-FITC/PI. We found that 5 μM and 10 μM curcumin treatments led to CNE1 cell apoptosis from 9.3% to 27.8% and 45.4%, respectively ( Figure 1B) . Similarly, the percentage of apoptotic cells increased from 14.1% in the control to 32.8% and 64.1% in 10 μM and 15 μM curcumin-treated CNE2 cells, respectively ( Figure 1B ). These findings demonstrated that curcumin induced cellular apoptosis, that contributed to the observed inhibition in cell proliferation.
curcumin induced cell cycle arrest
In addition to regulation of cellular proliferation by induction of apoptosis, we also assessed if cell cycle arrest was induced by curcumin to inhibit cellular proliferation of NPC cells. To determine whether curcumin regulates cell cycle progression, treated cells were stained with PI to measure DNA content, and assessed for cell cycle analysis. We observed that curcumin treatment induced a G2/M cell cycle arrest in both NPC cell lines. The G2/M phase fraction was increased from 7.29% in control cells to 38.99% and 51.94% in 5 μM and 10 μM curcumin-treated CNE1 cells, respectively (Figure 2) . Similar G2/M arrest was identified in curcumin-treated CNE2 cells (Figure 2 ). These results revealed that curcumin induced cell cycle arrest in NPC cells. Figure 4A and B). Our findings suggest that curcumin inhibited both cell migration and invasion in NPC cells.
curcumin inhibited skp2 expression
Skp2, a substrate recognition component of an SCF E3 ubiquitin-protein ligase complex, has been characterized as an oncoprotein during tumorigenesis. 31 To further explore the molecular mechanism by which curcumin exerts its tumor suppressive function, the expression of Skp2 was measured by Western blotting in NPC cells after curcumin treatment. We found that curcumin down-regulated the expression of Skp2 in both NPC cell lines ( Figure 5A and B) . Furthermore, two targets of Skp2, p21, and p57, were upregulated in NPC cells following curcumin treatment ( Figure 5A and B) . Therefore, curcumin may exert its antitumor activity partly through inhibition of Skp2 and subsequent upregulation of p21 and p57 in NPC cells.
curcumin increased mir-7 expression in nPc cells
Emerging evidence has revealed that miR-7 plays a key role in tumorigenesis. To explore whether curcumin could control the expression of miR-7 in NPC cells, miRNA RT-PCR was conducted on RNA isolated from NPC cells following curcumin treatment. As we expected, miR-7 expression was significantly upregulated in curcumin-treated NPC cells ( Figure 6A ). This observation indicated that curcumin could induce miR-7 expression in NPC cells. To further explore whether curcumin inhibited Skp2 via upregulation 
Mir-7 inhibitor enhanced cell growth in nPc cells
To further detect the role of miR-7 in cell proliferation, we transfected NPC cells with an miR-7 inhibitor and incubated them for 72 h prior to measuring cellular proliferation using an MTT assay. We observed that depletion of miR-7 promoted cell proliferation in both CNE1 and CNE2 cells ( Figure 7A ). Consistently, inhibition of miR-7 partly abrogated cell growth inhibition induced by curcumin treatment ( Figure 7A ) in NPC cells. We also measured cell invasion in NPC cells following miR-7 inhibitor transfection and curcumin treatment. We observed that inhibition of miR-7 increased cell invasion in NPC cells, and partially rescued curcumin-induced inhibition of cell invasion ( Figure 7B ). Our protein analysis revealed that miR-7 inhibitor treatment led to elevated Skp2 levels ( Figure 7C ). These results indicated that curcumin exerted its antitumor effects in part, through upregulation of miR-7 and subsequent inhibition of Skp2 in NPC cells.
Discussion
Emerging evidence has demonstrated that curcumin exerts anticancer activity in human cancers including NPC. It has been reported that curcumin suppressed the growth of NPC cells through inducing apoptosis. 32 Moreover, curcumin altered the migratory phenotype of NPC cells via upregulation of E-cadherin. 33 Furthermore, curcumin induced apoptotic death via the ROS, mitochondrial depolarization, and CASP3-dependent signaling response in NPC cells. 34 Similarly, treating NPC cells with a new curcumin analog exhibited anticancer function and induced radiosensitivity through inactivation of Jab1. 35, 36 Notably, curcumin was also observed to enhance radiosensitivity through regulation of long non-coding RNAs in NPC. 37 Additionally, curcumin altered ERK1/2 signaling pathway and regulation of FOXO3a and p53, leading to inhibition of cell proliferation in NPC cells. 38, 39 In this study, we found that curcumin may also Recently, miR-7 has been considered as an important regulator in tumorigenesis. Regulation of EGFR and erlotinib sensitivity by miR-7 has been reported in head and neck cancer cells. 40 It has been shown that overexpression of miR-7 enhanced efficacy of green tea polyphenols due to induction of apoptosis in human malignant neuroblastoma cells. 40 Moreover, miR-7 inhibited brain metastasis of breast cancer stem-like cells via targeting of KLF4. 41 Ma et al 
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Feng et al found that down-regulation of miR-7 upregulated CUL5 to facilitate the G1/S transition. 42 Xu et al reported that miR-7 suppressed cell proliferation and induced apoptosis via inhibition of XRCC2 in colorectal cancer cells. 43 Similarly, miR-7 inhibited the invasion and metastasis in part, through suppressing EGFR expression in gastric cancer cells. 44 Restoration of miR-7 inhibited cell growth via modulation of EGFR signaling in Lewis lung cancer cells. 45 Furthermore, miR-7 inhibited cell growth via interference with PI3K/Akt and Raf/MEK/ERK pathways in glioblastoma. 46 Strikingly, miR-7 inhibited SETDB1 and reversed EMT of breast cancer stem cells through down-regulation of the STAT3 pathway. 47 It has been identified that Bcl-2 could be one target of miR-7 in serous ovarian carcinomas. 48 Recently, Liu et al identified that miR-7 modulated chemoresistance through repression of MRP1/ABCC1 in small cell lung cancer. 49 Notably, systemic 
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curcumin upregulates mir-7 expression miR-7 delivery inhibited tumor angiogenesis and growth in a murine xenograft model of glioblastoma. 50 Interestingly, miR-7 played a critical role in radioresistance of NPC cells to X-ray dose. 51 Chen et al reported that NPC cells significantly increased the expression of miR-7 after radiation treatment, indicating that suppression of miR-7 expression may enhance the radiosensitivity of NPC cells through upregulation of EGFR expression. 51 Strikingly, miR-7 triggered cell cycle arrest through inhibition of Skp2 expression in human cancer cells. 52 Indeed, in our study we also observed that miR-7 overexpression inhibited the expression of Skp2 in NPC cells. More importantly, our findings showed that curcumin increased miR-7 levels in NPC cells. Altogether, our results reveal that curcumin may exert its antitumor activity by increasing miR-7 expression, leading to a subsequent decrease in Skp2 expression in NPC cells. E-cadherin, 56 and FOXO1. 57 Higher expression of Skp2 is associated with poor prognosis in human cancers including pancreatic cancer, 58, 59 prostate cancer, 59 breast cancer, 60,61 and glioma. 62 Wang et al reported that Skp2 expression predicted poor prognosis and maintained the cancer stem cell pool in NPC. [63] [64] [65] Since Skp2 is a key oncoprotein, it is important to identify Skp2 inhibitors for treating human cancers. Several Skp2 inhibitors such as CpdA have been reported to block Skp2 E3 ligase activity. 66 Another Skp2 inhibitor, SZL-P1-41, was reported to trigger cellular senescence. 67 Due to the toxic nature of these chemical inhibitors, it is necessary to identify natural agents to target Skp2. In the present study, we validated that curcumin could be a safe agent for inactivation of Skp2 via upregulation of miR-7 in NPC.
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